correlated with the apoptosis index represented by TUNEL staining (p ! 0.001). In addition, the expression of cyclin D1 positively correlated with that of p21 or p27 (p ! 0.05). Conclusions: Our results showed that the expression of cyclin D1, p21 and p27, alone or in combination, are early events in gastric tumorigenesis and may serve as a candidate molecular marker for the early gastric carcinoma.
ment. Thus, the detection of prognostic markers may enable us to anticipate the evolution of this disease, allowing a more effective management of the patient.
A fundamental cause of cancer is the alteration of the genetic material, which may modulate the expression of proteins that play key roles in cell cycle progression. In particular, abnormal expressions of cell cycle-regulatory proteins that control G1-S phase transition, a critical ratelimiting step in cell cycle progression, are frequently observed. The relevant proteins include three D-type cyclins (D1, D2, and D3) that bind to one of two cyclin-dependent protein kinase (CDK) subunits, CDK4 and CDK6, as well as the E-type cyclins, which govern the activity of a single catalytic subunit, CDK2 [1] . Furthermore, inactivation of CDK inhibitors, p21
Waf1/Cip1 (p21) and p27 Kip1 (p27), which normally cause G1 arrest by binding to cyclin-CDK complexes, is often observed in diverse human tumors [2] .
The overexpression of G1 cyclins as well as loss of G1 cyclin-related CDK inhibitors have been generally associated with tumor progression and/or poor prognosis in various types of tumors including pancreatic cancer [3] , colorectal cancer [4] , and esophageal cancer [5] . However, contradictory findings also have been reported. Cyclin D1 overexpression was associated with low-grade tumors of breast carcinomas [6] . The overexpression of cyclin E had no prognostic value in anal cancer [7] , cervical cancer [8] and gastrointestinal stromal tumor [9] . The expression of p27 positively correlated with poor prognosis in esophageal squamous carcinoma [10] . Thus, the role of these proteins in the prognosis of human cancers needs to be investigated in each cancer type.
With respect to gastric cancer, the biological significance of G1 cyclins remains unclear. Previous studies reported that cyclin D1 has no prognostic value in gastric cancer [11, 12] . The expression of cyclin E in gastric cancer correlated with either good prognosis [11] or poor prognosis [13] , whereas an earlier study demonstrated that the overexpression of cyclin E has no prognostic value [14] . Regarding CDK inhibitors in gastric cancer, loss of p21 or p27 has been generally associated with good prognosis [11, 15, 16] . On the contrary, no correlation between prognosis and the expression of p21 [17, 18] or p27 [18] [19] [20] has also been noted. Thus, it is difficult, on the basis of the results reported so far, to comprehensively explain the role of cyclins D1 and E as well as p21 and p27 in the pathogenesis of gastric cancer.
In the present study, we evaluated the expression of cyclins D1 and E and the CDK inhibitors p21 and p27 in 293 surgically excised human gastric carcinoma tissues using immunohistochemistry performed on the tissue array slides. Then, we analyzed their relationship with the prognostic significance and clinicopathological parameters. The alterations identified have been further correlated with proliferation and apoptosis in gastric cancer.
Materials and Methods

Patients
The files of 293 surgically resected gastric cancer cases examined at the Department of Pathology, Seoul National University College of Medicine (Seoul, Korea) from January 1 to June 30, 1995 were analyzed [21] . Age, gender, tumor location, Lauren's classification, pTNM stage, lymphatic invasion, lymph node metastasis, and distant metastasis were evaluated by reviewing medical charts and pathological records. The mean age of the patients was 54.8 years, and 93.3% of the patients had undergone curative resection. The cases enrolled in this study included 211 advanced and 82 early-stage gastric carcinomas. According to the pTNM classification, 120 cases were in stage 1, 56 in stage II, 68 in stage III, and 49 in stage IV. No patient had received preoperative chemotherapy or radiotherapy. Glass slides were reviewed to determine the histological type according to the WHO and Lauren's classification. This series included 111 intestinal types, 150 diffuse types, and 32 cases of mixed types. Clinical outcomes were followed from the date of surgery to either the date of death or December 1, 2000, resulting in a mean follow-up period of 54 months ranging from 1 to 72 months. This protocol was reviewed and approved by the Institutional Review Board of Seoul National University (Approval No. C-0511-519-163).
Tissue Array Methods
Six array blocks containing a total of 293 tissue cores obtained from patients with a gastric cancer were prepared by Superbiochips (Seoul, Korea) as described previously [21] . Briefly, core tissue biopsies (2 mm in diameter) were taken from individual paraffin-embedded gastric tumors (donor blocks) and arranged in the new recipient paraffin blocks (tissue array block) using a trephine apparatus. The staining results of the different intratumoral areas of gastric carcinomas in these tissue array blocks showed an excellent agreement. A core was chosen from each case for analysis. We defined an adequate case as a tumor occupying more than 10% of the core area. Each block contained internal controls consisting of nonneoplastic gastric mucosa from body, antrum, and other areas showing intestinal metaplasia. Sections of 4-m thickness were cut from each tissue array block, deparaffinized, and dehydrated.
Immunohistochemistry
Immunohistochemical staining was performed as described previously [21] using a streptavidin peroxidase procedure (avidinbiotin complex method) after autoclave-based antigen retrieval. The primary antibodies used were anti-cyclin D1 (1: 500, Santa Cruz Biotechnology, Santa Cruz, Calif., USA), anti-cyclin E (1: 100, Santa Cruz Biotechnology), anti-p21 (1: 100, Santa Cruz Biotechnology), anti-p27 (1: 100, Oncogene, Cambridge, Mass., USA) and anti-Ki-67 (1: 50, Santa Cruz Biotechnology), anti-p27 (1: 100, Oncogene, Cambridge, Mass., USA) and anti-Ki-67 (1: 50, Santa Cruz Biotechnology). Cancer cells showing nuclear staining regardless of cytoplasmic staining were regarded as expressing the proteins. For statistical analysis of immunostaining for proteins other than Ki-67, cases showing nuclear staining in more than 10% of the tumor cells were considered positive. For Ki-67 staining, we evaluated 300 cells and counted the cells with nuclear staining for each specimen. The proliferation index was defined as follows: proliferation index (%) = 100 ! Ki-67-positive cells/total cells.
TUNEL Staining
Apoptotic cells were identified by the terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate biotin nick end labeling (TUNEL) method using an apoptosis detection kit (Chemicon International, Temecula, Calif., USA). Labeling procedures were performed according to the manufacturer's instruction, which was followed by staining with diaminobenzidine for 2 min and counterstaining with hematoxylin. In total, 300 cells were counted for each specimen. The apoptotic index was defined as follows: apoptotic index (%) = 100 ! apoptotic cells/total cells.
Statistical Analysis
All statistical analyses were conducted using SPSS version 11.0 software (SPSS, Chicago, Ill., USA). Survival curves were estimated using the Kaplan-Meier product-limit method, and the significance of differences between the survival curves was determined using the log-rank test. To determine whether the expression of cyclin D1, p21, or p27 is an independent prognostic variable, multivariate survival analysis was performed using the Cox proportional hazard model. The significance of correlation between the expression of cell-cycle regulator and the clinicopathological characteristics was determined by either the 2 test or the Fisher exact test (two-sided). The relationship between the expression of cell cycle regulator and the apoptosis or cell proliferation index was analyzed using the two-tailed Student t test. The results were considered statistically significant when p ! 0.05. 
Results
Expression of Cell Cycle Regulators
Representative results of the immunohistochemical staining are shown in figure 1 . Immunohistochemistry for Ki-67 showed nuclear immunoreactivity in proliferative cells ( fig. 1 a) . TUNEL staining demonstrated fragmented nuclei of apoptotic cells ( fig. 1 b) . Regarding cell cycle regulators cyclin D1 ( fig. 1 c) , p21 ( fig. 1 d) and p27 ( fig. 1 e) , immunoreactivity was present in both nucleus and cytoplasm. Tumor cells showing nuclear staining, regardless of the presence of the cytoplasmic staining, were considered as positively immunostained. Of the 293 cases analyzed, the nuclear protein expression of cyclin D1, cyclin E, p21, and p27 was observed in 22, 14, 31 and 27% of gastric cancer specimens, respectively ( table 1 ) .
Expression of Cell Cycle Regulators in Relation to Prognosis
In order to analyze the correlation between survival rate of the gastric cancer patients and the expression of each of cyclins D1 and E, and p21 and p27 ( fig. 2 ), we used a log-rank test with Kaplan-Meier estimates. Patients with nuclear expression of cyclin D1 ( fig. 2 a), p21 ( fig. 2 c) or p27 ( fig. 2 d) showed a higher survival rate than those with only cytoplasmic expression or negative staining (p = 0.0012, p ! 0.001 and p ! 0.001, respectively). In the combined analysis, patients with a cyclin D1-positive and p21-positive tumor or those with a cyclin D1-positive and p27-positive tumor showed a higher survival rate than the remainder of the population (p ! 0.001 and p = 0.002, respectively; fig. 3 a, b) . However, multivariate analysis using Cox's proportional hazards regression model indicated that cyclin D1, p21, and p27 could not be proven as an independent prognostic parameter (p = 0.196, 0.087 and 0.617, respectively). In addition, there was no signifi- cant correlation between the nuclear expression of cyclin E and patient survival rate (p = 0.216) ( fig. 2 b) . Next, we examined the relation between the expression of cell cycle regulators and patients' prognosis in each of the pTNM stages I-III, and found that the expression of cyclin D1, p21, or p27 was not correlated with a survival rate in the same pTNM stage (data not shown).
Association between the Expression of Cyclin D1, p21 and p27 and Clinicopathological Factors
Data representing the correlation between the expression of cyclin D1, p21 and p27 and the clinicopathological features of the gastric cancer specimens are summarized in table 1 . Nuclear expression of cyclin D1 was more likely to be found in the early pTNM stages (p ! 0.001). Seventy-eight percent of nuclear cyclin D1-positive tumors were in pTNM stages I and II, while 22% were in stages III and IV. Moreover, we found an inverse correlation between the nuclear staining of cyclin D1 and lymph node metastasis (p = 0.002). Cyclin D1 expression tended to be associated with lymphatic invasion and gender (p = 0.052 and p = 0.055, respectively). No association was found between cyclin D1 expression and age, tumor location, Lauren's classification, or distant metastasis.
Gastric carcinomas expressing nuclear p21 were more prominent in early pTNM stages (p ! 0.001). Seventyeight percent of nuclear p21-positive tumors were in pTNM stages I and II, while 22% were in stages III and IV. Moreover, we found an inverse correlation between the nuclear staining of p21 and lymph node metastasis (p ! 0.001), lymphatic invasion (p ! 0.001) or distant metastasis (p = 0.043). No correlation was found between nuclear expression of p21 and age, gender, location, or Lauren's classification.
The expression of p27 was significantly higher in early pTNM stages (p ! 0.001). Seventy-nine percent of nuclear p27-positive tumors were pTNM stage I and II, while 21% were in stages III and IV. Moreover, we found an inverse correlation between the nuclear staining of p27 and lymphatic invasion (p ! 0.001) or lymph node metastasis (p ! 0.001). No correlation was found between nuclear expression of p27 and age, gender, location, Lauren's classification, or distant metastasis.
Association between the Expression of Cyclin D1, p21 or p27 and Proliferation or Apoptosis
The results of the immunohistochemistry for Ki-67 and TUNEL staining are shown in table 2 . The percentages of Ki-67-positive cells and apoptotic cells were variable. The expression of cyclin D1, p21 and p27 significantly correlated with the proliferation index (evaluated by Ki-67 labeling). The expression of p27 inversely correlated with the apoptosis index (evaluated by TUNEL staining) whereas that of cyclin D1 or p21 did not show any association.
Correlations between the Expression of Ki-67 and That of p21 or p27 in Cyclin D1-Positive and Cyclin D1-Negative Group
To remove the possible confounding effect of cyclin D1 on the relationship between Ki-67 and p21 or p27, we divided the staining data into two groups according to the expression of cyclin D1. Although expression of p21 or p27 correlated significantly with that of Ki-67 in overall patients, there was no significant correlation after we removed the effect of cyclin D1 expression ( table 3 ) .
Correlations between Apoptosis and Histological Type
We analyzed the apoptotic index in relation to histological type in our specimens. We found that the apoptotic index in the intestinal gastric carcinomas was not significantly higher than in the diffuse carcinomas (3.11 8 2.1 and 3.16 8 2.7%, respectively; p = 0.865) (data not shown).
Discussion
Previous reports on the prognostic implication of cell cycle regulators in gastric carcinomas have been inconsistent [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Thus, the present study obtained tissue specimens from a large consecutive series of gastric cancer patients sourced from a single referral center, all of whom had been treated using similar surgical and adjuvant chemotherapy regimes. Then, we determined the expression levels of several key proteins regulating G1-S phase progression using the tissue array technique which enables us to perform the large-scale molecular studies processed in identical conditions and obtain consistent immunohistochemical results. To the best of our knowledge, the present study is the first study that shows a positive correlation between the expression of cyclin D1 and that of the CDK inhibitors p21 and p27 as well as good prognosis in gastric cancer.
Earlier studies on gastric cancer reported that cyclin D1 expression does not correlate with survival outcome of gastric cancer patients [11, 12, 19] . In the present study, the nuclear expression of cyclin D1 positively correlated with good prognosis in the univariate analysis and was more prominent in early-stage pTNM tumors than in late-stage tumors. Moreover, cyclin D1 expression inversely correlated with nodal metastasis, which is one of the most important factors in determining the prognosis of gastric carcinomas [22] . Similar results were previously shown in breast cancer [6] , non-small-cell lung cancer [23] , bladder cancer [24] and colorectal cancer [25] . On the other hand, cyclin D1 expression positively correlated with the Ki-67 labeling index (p = 0.002), but not with the apoptosis index (p = 0.598). These findings indicate that cyclin D1 expression is an early event of gastric tumorigenesis and involved in abnormal cell proliferation. Thus, cyclin D1 might be a candidate molecular biomarker for the early gastric carcinoma.
Cyclin D1 is generally regarded to be the promoter of tumor growth. Indeed, our data in the present study showed a positive correlation between the expression of cyclin D1 and the proliferation index (evaluated by Ki-67 labeling). When we analyzed the association between the pTMN stage and proliferation index, the proliferation index was 25.46 8 21.32% in early stages (I and II) and 13.34 8 15.37% in late stages (III and IV) (p ! 0.001; data not shown). These findings indicate that the proliferation rate in gastric carcinoma is higher in early stages than in late stages. Thus, this might be the reason why cyclin D1 expression is higher in early-stage gastric carcinomas. This speculation is substantiated by our previous studies which showed that the activation of AKT (protein kinase B) was more frequent in early-stage gastric carcinomas [26] , although AKT promotes gastric cancer growth [27] .
Previously, it was reported that loss of expression of p21 or p27 correlates with poor prognosis of gastric cancer [11, 15, 16] , whereas Al-Moundhri et al. [18] suggested that the expression of p21 or p27 is not associated with survival rate of Arab patients. Thus, a consensus has not been reached concerning the prognostic value of p21 or p27 expression in gastric cancer. Our survival analysis in the present study demonstrated that the expression of p21 or p27 correlates with good survival of gastric cancer patients. Moreover, the expression of p21 or p27, like that of cyclin D1, seems to be an early event of gastric tumorigenesis because it correlates with early pTNM stages (p ! 0.001), absence of lymphatic invasion (p ! 0.001) and lymph node metastasis (p ! 0.001).
In the present study, the expression of cyclin D1 showed a strong positive correlation with that of p21 (p ! 0.001) or p27 (p ! 0.001). Although most of the previous studies generally reported that cyclin D1 and p21 or p27 have an opposing role in cell cycle progression [28] , our findings are consistent with those shown in renal cancer [2] , in colorectal cancer [25] and in breast cancer [29] . Previously, several suggestions have been made to explain this relationship. First, it was hypothesized that the true determining factor of cell proliferation is the balance between the two opposing regulators of cell proliferation and that rapidly proliferating cancer cells might overcome the inhibition of p21 or p27 by overexpression of cyclin D1 [29] . However, this explanation does not seem to be appropriate for the present study because ex- pression of p21 or p27 did not show inverse correlation with Ki-67 labeling index after the removal of the effect of cyclin D1. Second, induction of p21 or p27 by the expression of cyclin D1 or vice versa has been suggested [29, 30] . Third, cyclin D1 inhibits the proteasome-mediated p21 degradation [31] . Finally, a possible coregulatory mechanism for cyclin D1, p21 and p27, for example, through dietary factors that can upregulate all of these molecules was suggested [25] . CDK inhibitors p21 and p27 are well-established cell cycle-negative regulators. In normal cells, an inverse correlation between p27 expression and cell proliferation was generally seen. In comparison, in case of human cancers such as breast cancer [29] , bladder cancer [32] , and laryngeal cancer [33] , high-level expression of p21 or p27 was also seen in a variety of highly proliferative cancer cells. With respect to gastric cancer, a positive correlation between Ki-67 labeling and p27 has been reported [18] . In the present study, we confirmed that the expression of p21 or p27 positively correlates with the Ki-67 labeling index (p = 0.018 and p = 0.036, respectively). However, after removing the possible confounding effect of cyclin D1, no significant correlation was detected between the expression of p21 or p27 and Ki-67 labeling index. So far, no study has noted this role of cyclin D1 in the regulation of p21 or p27 effect on the cell proliferation in gastric cancer cells. We hypothesize that a positive relationship between p21 or p27 and Ki-67 stems from a positive correlation between cyclin D1 and p21 or p27.
Our data showed that the expression of p27, but not that of p21 or cyclin D1, inversely correlates with apoptosis (p ! 0.001, p = 0.154 and p = 0.598, respectively). Although p27 has been reported to promote apoptosis in gastric cancer [34, 35] , the antiapoptotic function of p27 has been demonstrated in leukemic cells and lung cancer cells in certain situations such as a lack of nutrients and hypoxia [35, 36] , which is compatible with our result.
The assessment of biological prognostic factors is of clinical importance, especially for a disease with poor outcome, such as gastric cancer. The widely used pTNM staging has a high prognostic power, but of course, it cannot predict perfectly the outcome for a particular individual. Since interpatient diversity in tumor biology causes tumors with similar clinical or pathological characteristics to show a different clinical outcome, the combined analysis of several cell cycle regulator expressions may help predict patient outcome more accurately. In the present study, combined analysis showed that patients with cyclin D1-positive and p21/p27-positive gastric tumors show a better survival rate than the remainder of the population. This suggests that multiple targeting of cell cycle regulatory proteins will be a more effective strategy for the gastric cancer patients.
The present study showed that cyclin D1, but not cyclin E, correlated with prognosis of gastric cancer. These results are inconsistent with the findings of earlier studies that cyclin E, but not cyclin D1, has a prognostic significance in gastric carcinoma [11] [12] [13] . We speculate that these discrepancies between the previous results and ours, at least in part, may come from differences in the interpatient variability in tumor biology or experimental methods including the tissue array technique. Although tissue array analysis provides a more stable staining environment, it cannot evaluate the heterogeneity of the tumor. Thus, the expression profiles of these genes can be different in the invasion front lesion or the superficial lesion or in the middle of the tumor.
In conclusion, the present study showed that the expression of cyclin D1, p21 or p27 is more frequent in the early-stage gastric carcinomas and is significantly associated with negative nodal status and proliferation. In addition, the expression of cyclin D1, p21 or p27 was related to a good prognosis in gastric cancer patients although it failed to be an independent prognostic factor.
